INTRODUCTION {#S1}
============

During ischemia, reactive molecules containing oxygen (reactive oxygen species, ROS) are produced that rapidly react with lipids, proteins, cofactors and DNA, in turn activating apoptotic pathways^[@R1]^. Recent clinical trials with antioxidants, however, are disappointing^[@R2]^. Among several sources of oxidative stress in the brain, NADPH oxidase (NOX) is a membrane--bound enzyme that is abundantly expressed in phagocytic cells, including microglia^[@R3]^. NOX-mediated ROS production may have evolved as a defense against invading bacteria, but it nonselectively damages cells such as neurons and glia^[@R4]^. NOX and ROS are consistently reported to participate in the pathogenesis of cerebral ischemia injury; NOX2 or 4 knockout mice exhibit less brain injury after stroke^[@R5],\ [@R6]^. Thus, reducing NOX--related oxidative stress could ameliorate neuronal damage in ischemic stroke.

NOX transfers electrons across the plasma membrane, rapidly depolarizing and acidifying these cells. As excessive depolarization and intracellular acidification inhibits further expulsion of electrons, a charge--compensating mechanism is needed to maintain NOX activity^[@R7],\ [@R8]^. By sensing both voltage and pH gradients, Hv1 is ideally suited to the task of charge compensation for NOX activation^[@R9],\ [@R10]^. Genetic deletion or inhibition of Hv1 greatly reduced NOX--dependent ROS production in leukocytes and bone marrow cells^[@R11],\ [@R12]^. Therefore, Hv1 is a unique target for controlling multiple NOX activities and ROS production.

Hv1 modulates B--cell activation^[@R13]^, basophil histamine release^[@R14]^, and acid secretion from airway epithelium^[@R15]^ and human spermatozoa^[@R16]^. Whether Hv1 is functionally expressed in mammalian brain neurons and glia is unknown, but the early discovery of proton currents in snail neurons has fostered this perception^[@R17]^. The presence of voltage--gated proton current *in situ* (*i.e.* within the brain) is debated^[@R18],\ [@R19]^. Thus, it has not been established whether Hv1 functions *in vivo* in resident brain cells, and if so, whether Hv1 exerts its function through a common NOX mechanism, or whether Hv1 is crucial in oxidative stress--related brain disorders. In this study, we set out to characterize Hv1 in native brain cells and investigate its potential role in neuronal damage in ischemic brain injury.

RESULTS {#S2}
=======

Hv1 mediates the voltage--gated proton currents in brain microglia {#S3}
------------------------------------------------------------------

We did not detect Hv1 protein in whole brain lysates when compared to an Hv1--rich tissue such as spleen ([Fig. 1a](#F1){ref-type="fig"}). This raised the question of whether Hv1 is restricted to a particular cell type within brain. Indeed, we found high levels of Hv1 protein in microglia, the principal resident immune response cells in the brain, but not in neurons ([Fig. 1b](#F1){ref-type="fig"}). Quantitative RT--PCR detects Hv1 mRNA in brain and isolated cultured neurons ([Suppl. Fig.1](#SD1){ref-type="supplementary-material"}). We then examined functional expression of Hv1 in native cells of the brain. Visual identification of microglia was enabled using transgenic mice (CX3CR1^GFP/+^) in which microglia are selectively labeled with GFP ([Fig. 1c](#F1){ref-type="fig"}). A surprisingly large voltage--gated, slowly--activating outward current was recorded in whole--cell patch clamp recordings from microglia in mouse cortical or hippocampal brain slices ([Fig. 1d](#F1){ref-type="fig"}). As is characteristic of Hv1, increasing pH~i~ decreased outward current and increased the threshold for current activation ([Fig. 1d,e](#F1){ref-type="fig"}). Tail currents were elicited with different pH gradients to estimate the reversal potential ([Fig. 1f](#F1){ref-type="fig"}), differing only marginally from values calculated by the Nernst equation ([Fig. 1g](#F1){ref-type="fig"}) due to proton depletion^[@R7]^. Similar proton currents were observed in cortical microglia. Zn^2+^, the well--established antagonist to Hv1^[@R9],\ [@R20]^, inhibited the proton current in a concentration--dependent manner by shifting V~thr~ to depolarized potentials ([Fig. 2a,b](#F2){ref-type="fig"}). Finally, the voltage--gated proton current was not detected in microglia from Hv1 global knockout (*Hv1*^−/−^) mice ([Fig. 2a,c](#F2){ref-type="fig"}). These data directly demonstrate that Hv1 is functionally expressed in mouse brain microglia *in situ*.

Previous work reported that proton currents were absent in rat hippocampal microglia^[@R18]^. We performed whole--cell recording in hippocampal microglia from rats and mice and found that voltage--gated proton currents are much larger in mice; rat proton current is only 8% of that in mice under our conditions ([Suppl. Fig.2](#SD1){ref-type="supplementary-material"}; glutamate receptor antagonists were not used during preparation of brain slices). A previous report found that Hv1 was not expressed in mature, but not neonatal mouse brain^[@R11]^. However, we found that proton currents are consistently present after birth, exhibiting similar current amplitudes in hippocampal microglia from P0--2, P7--9 and P21--23 mice ([Suppl. Fig.3](#SD1){ref-type="supplementary-material"}). Appreciable Hv1 protein and proton--selective currents inhibited by Zn^2+^ were also recorded from cultured human microglia ([Fig. 2d--g](#F2){ref-type="fig"}, [Suppl. Fig. 4](#SD1){ref-type="supplementary-material"}), and mRNA is detected in microarrays of human brain (<http://www.alleninstitute.org>). However, it is important to point out the dramatic differences in amplitude between proton current expressed *in situ* (rat microglia in brain slices) and cultured rat microglia^[@R18],\ [@R21]^. Thus it is not known whether human microglia *in situ* have large Hv1 currents.

Next, we determined whether Hv1 current was present in hippocampal neurons. No measureable voltage--gated proton current was detected, although, we recorded a current that may have been previously misidentified as a proton current^[@R22]^. This nonselective (E~rev=~0) outward current was present in *Hv1^−/−^* mice ([Fig. 2h](#F2){ref-type="fig"}), was not inhibited by Zn^2+^, and persisted after increasing intracellular pH from pH~i~ 5.5 to pH~i~ 7.2 ([Fig. 2h,i](#F2){ref-type="fig"}). Similarly, we did not observe Hv1 current in cortical neurons from *wt* mice. In addition, no proton currents were detected in astrocytes from young ([Fig. 2j](#F2){ref-type="fig"}) or adult mice ([Suppl. Fig. 5](#SD1){ref-type="supplementary-material"}). Field recordings performed in the CA1 region of *wt* and *Hv1^−/−^* hippocampal slices revealed no difference in the input--output relation of field--stimulated excitatory postsynaptic potentials (fEPSP), paired--pulse facilitation, or high frequency stimulation--induced long--term potentiation (LTP) between *wt* and *Hv1^−/−^* mice ([Suppl. Fig. 6](#SD1){ref-type="supplementary-material"}). Finally, in two learning and memory assays (Y--maze spontaneous alternation and visual discrimination tests), no difference was found between *wt* and *Hv1^−/−^* mice ([Suppl. Fig. 7](#SD1){ref-type="supplementary-material"}). Therefore, we conclude that Hv1 is not present or functionally significant in the neurons or astrocytes we tested, under normal conditions.

Hv1 in acid extrusion and NOX--dependent ROS production in microglia {#S4}
--------------------------------------------------------------------

Hv1 mediates outward proton current that scales with depolarization and the pH gradient. Thus, the Hv1 current is largest when cells are acidified and depolarized. But, does Hv1 regulate H^+^ homeostasis under normal conditions? Cultured microglia were acid loaded by the "rebound acidification" technique^[@R23]^ by perfusing cells with a 20 mM NH~4~Cl pulse. The recovery rate of intracellular pH (pH~i~) was then calculated. The resting pH~i~ of microglia was similar in *wt* (7.10 ± 0.05, n=32) and *Hv1^−/−^* microglia (7.19 ± 0.03, n=38). After intracellular acidification by NH~4~Cl, pH~i~ recovery rates were similar in *wt* and *Hv1^−/−^* microglia in the presence of high Na^+^. In contrast, pH~i~ recovery was abolished in the absence of Na^+^ (NMDG replacement) in both *wt* and *Hv1^−/−^* microglia ([Fig. 3a, b](#F3){ref-type="fig"}). These results suggest that a Na--dependent mechanism (such as the Na/H exchanger), but not Hv1, mediates acid extrusion during intracellular acidification as low as pH 6.0. However, pH~i~ rapidly recovers when cells were depolarized with high K^+^ solution. The recovery of pH~i~ was largely reduced in the presence of Zn^2+^ (100 µM) and completely abolished in *Hv1^−/−^* microglia ([Fig. 3a, b](#F3){ref-type="fig"}). Therefore, Hv1 is not critical for H^+^ homeostasis under resting conditions, but is engaged in microglial acid extrusion upon depolarization.

A well documented function of Hv1 is the transfer of positive charge out of the cytoplasm in compensation for NOX--mediated electron extrusion^[@R7]^. Time--lapse confocal imaging was used to measure ROS generation from microglia in the *stratum radiatum* of the hippocampal CA1 region. Again using CXCR1^GFP/+^ mice, dihydroethidium (DHE) was perfused into hippocampal slices and ROS production measured as the oxidation of DHE to ethidium ([Fig. 3c](#F3){ref-type="fig"}). Phorbol ester (PMA) induced the oxidative burst in *wt* brain slice microglia, measured as a slow increase in ethidium fluorescence ([Fig. 3c](#F3){ref-type="fig"}, [Suppl. Movie 1](#SD1){ref-type="supplementary-material"}). After 20min PMA exposure, fluorescence increased \~8 fold, significantly above that measured from microglia not exposed to PMA ([Fig. 3d,e](#F3){ref-type="fig"}). The increase was abolished by NOX inhibitors, diphenyleneiodonium (DPI, 30 µM) or apocynin (Apo, 300 µM), and by the Hv1 inhibitor, Zn^2+^ (100 µM). Moreover, no significant increase in ethidium fluorescence was found in *Hv1^−/−^* microglia after PMA treatment ([Fig. 3c--e](#F3){ref-type="fig"}). PMA did not markedly lower pH~i~ in *wt* microglia, but induced significant intracellular acidification in *Hv1^−/−^* microglia under Na^+^--free conditions ([Fig. 3f](#F3){ref-type="fig"}). The PMA--induced intracellular acidification was dependent on NOX activation, as it was inhibited in the presence of DPI (10 µM) ([Fig. 3f](#F3){ref-type="fig"}). These results demonstrate that Hv1 is required for NOX--dependent ROS production and alleviation of NOX--dependent acidification in brain microglia, as has been shown extensively in phagocytic blood cells^[@R13]^.

Brain microglia extend processes to damaged cells in response to injury signals, such as ATP^[@R24],\ [@R25]^. To determine whether removal of Hv1 affected this microglial response, time--lapse confocal imaging was used to monitor ATP--induced microglial terminal chemotaxis in acute brain slices from *wt* and *Hv1^−/−^* mice. The number and speed of hippocampal microglial terminal extensions towards an ATP--containing pipette were indistinguishable between *wt* and *Hv1^−/−^* mice ([Fig. 3g](#F3){ref-type="fig"}, [Suppl. Movie 2](#SD1){ref-type="supplementary-material"}). In addition, no difference was found in microglial migration towards TNFα and MCP--1--containing pipettes in cultured microglia from *wt* and *Hv1^−/−^* mice ([Fig. 3h](#F3){ref-type="fig"}). We conclude that Hv1 is important for microglial ROS production, but is not required for chemotaxis or migration.

Hv1 is critical for brain damage in an ischemic stroke mouse model {#S5}
------------------------------------------------------------------

NOX is a common mediator of microglia--mediated neuronal damage in stroke^[@R4],\ [@R26]^. To test whether indirect inhibition of NOX activity by deletion of Hv1 ameliorates ischemic stroke damage, we employed the mouse middle cerebral artery occlusion (MCAO) model. *Wt* and *Hv1^−/−^* mice were subjected to right--sided permanent ligature MCAO (pMCAO) for 24h under isoflurane anesthesia. The resulting brain injury was estimated by standard 2,3,5--triphenyltetrazolium chloride (TTC) staining, a colorimetric redox indicator that distinguishes metabolically active from inactive tissue ([Fig. 4a](#F4){ref-type="fig"}). The infarct volume in *Hv1^−/−^* mice was significantly smaller than that in *wt* mice after pMCAO ([Fig. 4b](#F4){ref-type="fig"}). We also found similar reduction of infarct volume in *Hv1^−/−^* mice compared with that in *wt* mice in initial experiments using ketamine/xylazine as anesthetics ([Fig. 4b](#F4){ref-type="fig"}). The difference in brain damage was functionally relevant, as *Hv1^−/−^* mice had significantly better neurological scores than *wt* mice ([Fig. 4c](#F4){ref-type="fig"}).

Additional assays for ischemia--induced brain damage were used to further characterize the effect of Hv1 deficiency on the response to pMCAO under ketamine/xylazine anesthesia. First, T2--weighted magnetic resonance imaging (MRI) was used to examine brain injury 24h after pMCAO in *wt* and *Hv1^−/−^* mice ([Fig. 4d](#F4){ref-type="fig"}). As for TTC staining studies, we found that injury volume in *Hv1^−/−^* mice was significantly smaller than that in *wt* mice after pMCAO ([Fig. 4e](#F4){ref-type="fig"}, [Suppl. Movie 3](#SD1){ref-type="supplementary-material"}). Next, positron emission tomography (PET) imaging of 18F--labeled, 2--fluoro--2--deoxy--D--glucose (^18^F--FDG) uptake, which reflects brain glucose metabolism^[@R27]^, was examined in *wt* and *Hv1^−/−^* mice before and 24h after pMCAO. Although there was no difference in ^18^F--FDG uptake between *wt* and *Hv1^−/−^* mice before pMCAO, 1d after pMCAO, right hemispheric "cold spots" were significantly smaller in *Hv1^−/−^* mice ([Suppl. Fig. 8a,b](#SD1){ref-type="supplementary-material"}). Blood pressure before, and at various time points after pMCAO, did not differ between *wt* and *Hv1^−/−^* mice ([Suppl. Fig. 8c](#SD1){ref-type="supplementary-material"}). Brains of wt and *Hv1^−/−^* mice compared 72h after pMCAO showed a similar degree of protection ([Suppl. Fig. 8d,e](#SD1){ref-type="supplementary-material"}). Finally, a transient MCAO (tMCAO) stroke model in which mice were subjected to 2h occlusion followed by 22h reperfusion revealed significantly smaller infarct volumes and improved neurological function after tMCAO in *Hv1^−/−^* mice when compared to *wt* mice ([Suppl. Fig. 9a--c](#SD1){ref-type="supplementary-material"}). Taken together, these results show that Hv1 supports NOX activity and NOX--induced brain damage, and suggests that inhibition or block of Hv1 will lessen brain damage after stroke. Since we observed similar phenotypes after using isoflurane or ketamine/xylazine as anesthetics in MCAO surgeries, the primary observed effect of Hv1 on brain injury is likely via NMDA receptor--independent mechanisms.

Significantly larger proton currents and lower activation thresholds were recorded from microglia in the ischemic penumbra 24h after pMCAO ([Fig. 4f,g](#F4){ref-type="fig"}). Neither an increase in outward K^+^ currents^[@R28]^ (eliminated by TMA replacement) nor a change in cell membrane area (measured by membrane capacitance) accounted for the increase in outward current ([Fig. 4g](#F4){ref-type="fig"}). We also observed an increase in Hv1 protein in whole brain lysates after stroke ([Fig. 4h](#F4){ref-type="fig"}). Finally, exogenous ROS (H~2~O~2~) applied to brain slices while recording via the perforated patch method (to preserve physiological intracellular conditions), rapidly enhanced proton currents that were inhibited by ZnCl~2~ ([Suppl. Fig. 10b,c](#SD1){ref-type="supplementary-material"}). TRPM2 channels were present in microglia as revealed by intracellular perfusion of ADP ribose^[@R29]^, but this current was not measurably activated by H~2~O~2~ perfusion under our conditions ([Suppl. Fig. 10a](#SD1){ref-type="supplementary-material"}).

Microglial Hv1 contributes to neuronal cell death after ischemia {#S6}
----------------------------------------------------------------

To directly test whether brain damage was reduced by suppression of Hv1 function, we immunostained the peri--infarct area in *wt* and *Hv1^−/−^* mice 24h after pMCAO. Significantly larger increases in caspase--3 and TUNEL positive neurons (NeuN^+^) were found after stroke in *wt* compared to *Hv1^−/−^* mice ([Fig. 5a,b](#F5){ref-type="fig"}). Similarly, 30min oxygen glucose deprivation (OGD)^[@R30]^ induced significantly more neuronal death in *wt* microglia/neuronal co--cultures compared to *Hv1^−/−^* co--cultures ([Fig. 5c--e](#F5){ref-type="fig"}). Cellular necrosis, as indicated by lactate dehydrogenase (LDH) release, was significantly higher in *wt* than *Hv1^−/−^* microglia--neuron co--cultures after OGD ([Fig. 5e](#F5){ref-type="fig"}). The microglial Hv1--dependent neuronal death is likely due to the NOX activation, as pretreatment of NOX inhibitors, DPI (10 µM) and apocynin (100 µM), significantly reduced microglia--induced neuronal death ([Fig. 5f](#F5){ref-type="fig"}). However, when DPI and apocynin treatments were used after OGD insult, neuronal protection did not reach significance (DPI, mortality from 38.7 ± 3.7% to 31.6 ± 3.6%; apocynin, from 39.6 ± 4.5% to 35.1 ± 3.4%). In addition, microglial Hv1 knockdown by shRNA reduced microglial--dependent neuronal death ([Fig. 5f](#F5){ref-type="fig"}), suggesting that reduced neuronal death after addition of *Hv1^−/−^* microglia is not due to compensatory effects. Together, these results show that Hv1 supports NOX activation in producing neuronal death after OGD.

NMDA receptor activation enhances neuronal NOX activation and ischemia--induced neurotoxicity^[@R31]^. As expected, the NMDA receptor blocker, MK801 (10 µM), protected neurons in both *wt* and *Hv1^−/−^* neurons ([Fig. 5f](#F5){ref-type="fig"}). NMDA (10 µM, 12 h) induced a similar degree of NO release and cell death in *wt* and *Hv1^−/−^* neurons ([Fig. 5g](#F5){ref-type="fig"}). NMDA receptor--mediated excitatory postsynaptic currents were not altered in *Hv1^−/−^* mice compared to *wt* mice ([Suppl. Fig. 11](#SD1){ref-type="supplementary-material"}). Therefore, reduction of neuronal death in *Hv1^−/−^* mice was not due to decreased NMDA receptor--mediated excitotoxicity, or to effectors of the NMDA receptor such as NO release.

Microglia Hv1 mediates ROS production after ischemia {#S7}
----------------------------------------------------

During ischemic stroke, microglia release ROS, cytokines, glutamate, and nitric oxide (NO) that increase cell death^[@R32],\ [@R33]^. Of TNFα, IL--1β, IL6, IFN--γ, VEGF, glutamate, NO, and ROS, we found that only ROS production was reduced in *Hv1^−/−^* compared to *wt* cultured microglia after OGD ([Fig. 6a](#F6){ref-type="fig"}). ROS production in microglia was also decreased in brain slices after OGD ([Fig. 6b](#F6){ref-type="fig"}; OGD was effective since fEPSPs were largely inhibited in field recordings of hippocampal neurons). In the tMCAO model, both neurons and microglia ipsilateral to the MCAO region exhibited significant increases in ROS production compared with those in the contralateral hemisphere after i.p. injection of DHE in CX3CR1^GFP/+^ mice ([Fig. 6c,d](#F6){ref-type="fig"}). In the cortex and striatum, microglial ROS production was also much smaller in *Hv1^−/−^* mice than *wt* mice ([Fig. 6c,d](#F6){ref-type="fig"}). Additionally, ipsilateral microglia were more active in *wt* mice, as assayed by an increase in cell body area, compared to those on the contralateral side ([Fig. 6c,e)](#F6){ref-type="fig"}. Finally, phosphorylation of the NF--κB subunit, p65 (P--p65), a critical proinflammatory transcription factor affected by ROS signaling in stroke^[@R34]^, increased significantly in *wt* mice but not in *Hv1^−/−^* mice ([Fig. 6f](#F6){ref-type="fig"}). Together, these results indicate that Hv1 contributes to microglial activation, ROS production, and NF--κB phosphorylation *in vivo* after stroke.

If Hv1 protects brain tissue by reducing NOX--driven ROS during ischemia, ROS scavengers should reduce its effects. EUK--207, a novel mimetic of superoxide dismutase and catalase, is a powerful scavenger in oxidative stress *in vivo* and is effective in alleviating age--related learning deficits^[@R35]^. EUK--207 (20 mg/kg), injected at 2 and 24h after pMCAO under ketamine/xylazine anesthesia, reduced the infarction area measured at 72h in both *wt* and *Hv1^−/−^* mice ([Fig. 6g](#F6){ref-type="fig"}). Consistent with expectations, the rescue of brain injury by EUK--207 was significantly larger in *wt* than that in *Hv1^−/−^* mice ([Fig. 6h](#F6){ref-type="fig"}). The lesser protective effect of EUK--207 in *Hv1^−/−^* mice was not due to smaller initial lesions in these mice, as MK801 (1 mg/kg, injected 3 and 6h after pMCAO) was similarly protective in *wt* and *Hv1^−/−^* mice 24h after pMCAO under isoflurane anesthesia ([Fig. 6h](#F6){ref-type="fig"}).

Microglial Hv1 contributes to brain damage after stroke {#S8}
-------------------------------------------------------

NOX1--5, DUOX1 and DUOX2 are all members of the NOX family^[@R3]^. In cultured microglia, only NOX2 mRNA was present at significant levels ([Fig. 7a](#F7){ref-type="fig"}). Western blotting confirmed the expression of NOX2 protein in microglia and brain and similar levels of NOX2 were observed in *wt* and *Hv1^−/−^* microglia ([Fig. 7b](#F7){ref-type="fig"}). Most important, there was a significant increase in NOX2 brain expression after pMCAO, or in microglia after OGD ([Fig. 7b](#F7){ref-type="fig"}). These results suggest that NOX2 is the major NADPH oxidase coupled to Hv1 during ROS production.

After stroke, the brain is invaded by blood--borne leukocytes expressing high levels of NADPH oxidase^[@R36]^. To test whether peripheral Hv1 also contributes to ischemic injury, four groups of bone marrow chimeric mice (*wt*\>*wt*, *wt*\>*Hv1^−/−^*, *Hv1^−/−^*\>*wt*, *Hv1^−/−^*\>*Hv1^−/−^* chimeras) were generated and chimeras were subjected to pMCAO 16 days after bone marrow transplantation. Chimeras were confirmed by analyzing overall leukocyte engraftment and neutrophil replacement in recipient mice ([Suppl. Fig. 12](#SD1){ref-type="supplementary-material"}). We found that 24h after pMCAO, *Hv1^−/−^\>wt* mice exhibited similar infarct volumes to those of *wt\>wt* mice, while *wt\> Hv1^−/−^* mice showed comparable injury to *Hv1^−/−^\>Hv1^−/−^* mice ([Fig. 7c,d](#F7){ref-type="fig"}). Moreover, there was significantly more brain damage in *Hv1^−/−\>^wt* than that in *wt\> Hv1^−/−^* mice ([Fig. 7c,d](#F7){ref-type="fig"}). These results suggest that Hv1 in resident microglia primarily supports NOX--mediated brain damage during early stages of ischemic stroke.

DISCUSSION {#S9}
==========

We have shown that Hv1 is expressed and functions as the voltage--gated proton--selective current in mouse and cultured human brain microglia. We found that microglial Hv1 is required for NOX--dependent ROS generation both *in vitro* and *in vivo*. Hv1, by rapidly exporting positive charge (H^+^), is required for NOX to effectively transport electrons and thus generate ROS. Experimentally induced ischemia or metabolic challenge elicits ROS production from microglia and other inflammatory cells. ROS are not entirely detrimental, as they are also cerebral vasodilators and mediators of tissue repair and remodeling following ischemic injury^[@R37]^. Nevertheless, neuronal lipids, membrane receptors, intracellular kinases and phosphatases, as well as pro--apoptotic transcription factors^[@R1]^ are all targets of ROS that damage brain function ([Suppl. Fig. 13](#SD1){ref-type="supplementary-material"}).

Our ROS imaging experiments demonstrate that mouse microglial Hv1 is activated and indeed required for the majority of NOX--dependent ROS production by microglia *in situ*. The Hv1 channel is ideally suited for this function since it is activated only upon depolarization. The amount of depolarization needed is inversely proportional to the pH gradient. Under most physiologically relevant conditions this means that upon cell acidification, less depolarization from rest is required to allow protons to exit the cell, exactly the conditions under which NADPH oxidase is active. Without Hv1, NOX activation will cause significant depolarization and intracellular acidification that will eventually inhibit NOX activation.

One of the many changes defining microglia activation in response to ischemia is translocation of NOX cytosolic subunits to the plasma membrane where it becomes active^[@R32],\ [@R34]^. Here, we have shown that microglial Hv1 contributes significantly to NOX ROS production, supporting NOX--mediated neuronal cell death after stroke. First, PMA-- or OGD--induced ROS production was significantly reduced in *Hv1^−/−^* microglia compared with *wt* microglia. Second, ROS production in brain microglia *in situ* after stroke was reduced in *Hv1^−/−^* mice. Third, reduced neuronal death and brain damage was observed in *Hv1^−/−^* mice compared to *wt* mice after stroke. Fourth, OGD--induced neuronal death in microglia (*Hv1^−/−^*)--neuron co--cultures was less than that in *wt* co--cultures. Fifth, rescue by ROS scavengers was less in *Hv1^−/−^* compared to wt mice. Finally, chimeric mice with *wt* microglia, but *Hv1^−/−^* circulating blood cells (*Hv1^−/−^\>wt*), showed significantly more brain damage than mice with *Hv1^−/−^* microglia and *wt* blood cells (*wt\> Hv1^−/−^*), establishing that 24h after stroke, resident microglia are responsible for most of the ROS--mediated brain damage.

All cell types in the brain contain NADPH oxidases and mice deficient in NOX2 or NOX4 have better stoke outcomes^[@R5],\ [@R6]^. Astrocytes comprise a significant proportion of cells in the brain and express NOX1, 2 and 3^[@R38]^, but we did not detect Hv1 currents in mouse astrocytes. We assessed brain tissue damage at 1d after MCAO, but large numbers of circulating blood cells enter the brain at later times after stroke^[@R39],\ [@R40]^. Therefore, we do not exclude the contribution of Hv1 in late stages of stroke. A caveat to the interpretation of bone marrow chimera experiments is the potential complication of irradiation^[@R41]^. Nonetheless, it is unlikely that microglia are the only sources of ROS--mediated brain damage since ROS are released from all metabolically stressed mitochondria. Moreover, microglia may exert important protective effects by producing IL--10 and TGF--β, as well as growth factors in the post--ischemic brain^[@R42]^. Therefore, the dual protective/destructive effects of microglia should be considered when targeting microglia for stroke treatment.

We found no voltage--gated proton current in hippocampal or cortical neurons in acute brain slices. Moreover, hippocampal basal synaptic transmission, plasticity or NMDA receptor function did not differ between *wt* and *Hv1^−/−^* mice. NMDA induced similar degree of cell death in *wt* and *Hv1^−/−^* neurons. Thus, glutamate neurotoxicity is unlikely to underlie Hv1's contribution to brain damage. Finally, since Hv1 function is important in peripheral blood cells^[@R13],[@R14]^, late effects after stroke requires future study.

Currently, therapies for ischemic stroke are limited^[@R43]^. Recent studies using NOX inhibitors show conflicting results, perhaps due to poor NOX selectivity^[@R43]^. We suggest that Hv1 channels may be more tractable targets for prevention of brain injury during ischemia. Notably, since Hv1 currents below detection levels in neurons, Hv1 inhibitors should not limit neuronal NOX activity. Our results may also be relevant for other ischemic disorders and ROS--related neurodegeneration.

EXPERIMENTAL PROCEDURES {#S10}
=======================

Animals {#S11}
-------

*Hv1^−/−^* mice were back--crossed into C57BL/6 mice for ≥10 generations^[@R12]^. Heterozygous *Cx3cr1*^GFP/+^ mice (microglia selectively labeled with GFP^[@R44]^) were obtained from Jackson Laboratories. To *Hv1^−/−^* mice were bred with *Cx3cr1*^GFP/+^ mice to generate *Cx3cr1*^GFP/+^*-- Hv1^+/−^* mice. Littermate *Cx3cr1*^GFP/+^-- *Hv1^−/−^* and *Cx3cr1*^GFP/+^--*Hv1^+/+^* were obtained by breeding male and female *Cx3cr1*^GFP/+^-- *Hv1^+/−^* mice. We refer to *Cx3cr1*^GFP/+^--*Hv1^+/+^* as *wt* mice for simplicity. Transgenic mice overexpressing GFP under the control of the astrocyte--specific glial fibrillary acidic protein (GFAP) promoter were from Jackson Laboratories and Sprague--Dawley rats from Charles River Laboratories. Mouse bone marrow chimeras were created from *wt* donor mice to *wt* (*wt*\>*wt*) or *Hv1^−/−^* recipient mice (*wt*\> *Hv1^−/−^*) as well as *Hv1^−/−^* donor mice to *wt* (*Hv1^−/−^*\>*wt*) or *Hv1^−/−^* recipient mice (*Hv1^−/−^*\>*Hv1^−/−^*). Whole bone marrow cells from donor of *wt* (CD45.1) or *Hv1^−/−^* mice (CD45.2) were prepared by flushing the femur and tibia with PBS containing 2% heat-inactivated fetal bovine serum (FBS) under sterile conditions. Red blood cells were lysed (ACK buffer; Gibco). Bone marrow cells (3 × 10^6^ cells) were injected into the lethally γ--irradiated (2× 5.2 Gy, 3h apart) recipient of *wt* (CD45.1 or CD45.2) or *Hv1^−/−^* mice (CD45.2) via tail vein injection. At 16d post--transplantation, recipient mice were analyzed for total leukocytes and neutrophil engraftment using CD45.1--PE, CD45.2--APC and Gr--1--FITC antibodies with flow cytometry analysis. Experimental procedures were approved by and performed in accordance with guidelines of the Children's Hospital Boston Institutional Animal Care and Use Committee.

Brain slice recordings {#S12}
----------------------

Mice and rats were anesthetized with isoflurane and coronal slices (300 µm) of prefrontal cortex or hippocampus prepared^[@R45]^. After 1h recovery, brain slices were perfused with oxygenated ACSF solution at 3--4ml/min. In some experiments, NaCl was replaced by NaMeSO~3~ to eliminate potential Cl^−^ currents. NaH~2~PO~4~ was omitted in the ACSF when ZnCl~2~ was added. Whole--cell patch--clamp recordings in microglia were made using 5--10MΩ glass pipettes filled with TMA--based intracellular solution including (in mM): 100 TMA--MeSO~3~, 1 EGTA, 100 MES (pH 5.5), Bis--Tris (pH 6.5), or HEPES (pH 7.5); 290--300mOsm. Perforated whole--cell recordings were made on the soma of GFP--labeled microglia using amphotericin B (0.4 mg/ml; Sigma). In perforated whole--cell recordings the pipette solution contained (in mM): K--gluconate, 120; NaCl, 5; MgCl~2~ 1; EGTA, 0.5; Mg--ATP, 2; Na~3~GTP, 0.1; HEPES, 10; pH 7.2; 290--300 mOsm. For hippocampal CA1 neurons, a Cs^+^--based internal solution contained (in mM): Cs--MeSO~3~, 120; NaCl, 5; MgCl~2~ 1; EGTA, 0.5; Mg--ATP, 2; Na~3~GTP, 0.1; HEPES, 10; pH 7.2; 290--300mOsm. Cell morphology was confirmed by Alexa Fluor 594 (50mM). A bipolar tungsten--stimulating electrode was placed in the *stratum radiatum* of the CA1 region and stimulated (Master--8). Holding potential=−60mV. P/N leak subtraction (n=5) minimized current contamination.

Confocal imaging, time--lapse ROS detection and ATP--induced chemotaxis {#S13}
-----------------------------------------------------------------------

Confocal microscope (Fluoview FV 300, Olympus) was used to image GFP--labeled microglia (488nm for GFP excitation; 633nm for DIC imaging). DHE (5µM; Sigma), which binds to DNA of O~2~^−•^--producing cells, reported ROS production (no pre--incubation). Ethidium fluorescence was elicited by excitation at 543nm and measured at 560nm; GFP--microglia were excited at 488nm and emission collected at 505--600nm. Images were recorded every 5s for 20min. ATP--induced chemotaxis of microglia processes is described previously^[@R25]^.

pMCAO and tMCAO stroke models {#S14}
-----------------------------

Middle cerebral artery occlusion (MCAO) was carried out as previously described^[@R46]^ with minor modifications. The stroke study design followed recent international expert recommendations^[@R47]^. Age--matched male mice were picked at random without knowledge of genotype. Anesthesia was via intraperitoneal injection of a mixture of ketamine (100mg/kg) and xylazine (20mg/kg) in initial experiments (45--60 min). As ketamine blocks NMDA receptors, which may contribute to brain damage after ischemic stroke, we repeated experiments using the inhalational anesthesia, isoflurane. The mice were anesthetized with 2% isoflurane in 68% nitrous oxide and 30% oxygen and maintained under 1.5% isoflurane during surgery. Temperature was maintained at 37°C using a rectal temperature--regulated heating pad (Kent Scientific). The bregma was exposed and the skull bone countersunk at two 3×3mm areas over both MCA supply territories for bilateral monitoring of local cortical blood flow (Laser Doppler Flowmetry; LDF). The right external carotid artery was transected and a silicone--coated 4--0 monofilament (final diameter 0.28mm) advanced until its tip occluded the origin of the MCA. For tMCAO, reperfusion was initiated by filament withdrawal after 120min. Successful MCAO was defined as uncomplicated filament introduction leading to a steep, sustained ipsilateral LDF decline. Brain blood flow, blood pressure, brain temperature, blood gases, and plasma glucose were measured before and after MCAO. No difference was found between *wt* and *Hv1^−/−^* mice. Data from 144 mice (78 *wt* mice and 66 *Hv1^−/−^* mice) are included in the final results. A total of 21 *wt* mice (21.2% mortality) and 11 *Hv1^−/−^* mice (14.3% mortality) died before completion of the experiment and were excluded from analysis. A total of 17 mice (10 *wt* mice and 7 *Hv1^−/−^* mice) were excluded due to the lack of effective occlusion.

Infarct volume and neurological evaluation {#S15}
------------------------------------------

24h or 72h after MCAO, mice were anesthetized, the brain frozen at −20°C, cut into five 1--mm coronal sections, and incubated in 2,3,5--triphenyltetrazolium chloride (TTC, 2%; Sigma) solution for 15--20min at 37°C. The stained slices then were transferred into 10% formaldehyde solution. Images of 5 brain sections were recorded (Matrox Intellicam, v 2.0) and analysis of infarct volume blinded to genotype. Intact volumes of ischemic ipsilateral and normal contralateral brain hemispheres were calculated by multiplying the sum of the areas by the distance between sections. Volumes of the infarct were measured indirectly by subtracting the non--ischemic tissue area in the ipsilateral hemisphere from that of the normal contralateral hemisphere. The observer was blinded to mouse genotype; evaluation followed a modified neurological scoring system^[@R48]^.

*In situ* ROS detection {#S16}
-----------------------

DHE histochemistry was performed in tMCAO mice. CX3CR1^GFP/+^ and CX3CR1^GFP/+^-- *Hv1^−/−^* mice were used to measure microglial ROS production directly, avoiding reduction of ROS fluorescence during immunostaining. 20h after tMCAO, DHE (20 mg/Kg) was injected i.p. at 1h intervals for 2h; 1h after the last injection the mice were anesthetized and perfused intracardially with PBS, followed by 4% paraformaldehyde. Ethidium, DAPI signals, and the area of the microglial cell body were quantified with ImageJ software by masking non--microglial cells. The oxidation of DHE i*n vivo* can generate multiple fluorescent products with overlapping spectra, which may not be exclusively located in the nucleus^[@R49]^.

MRI {#S17}
---

MRI was performed at 4.7 Tesla (BioSpec 47/40; Bruker Biospin) using a transmit/receive birdcage coil (inner diameter, 22mm). Mice were anesthetized (1--2% isoflurane; Florane, Baxter) via a nose cone, and placed in a prone position with the brain centered with respect to the center of the coil. Multi--slice coronal and axial T2--weighted images of brain were acquired using a rapid spin echo pulse sequence (RARE) with repetition time (TR)=2000ms, echo time (TE)=75ms, matrix size=144×144, number of phase encoded echoes=12, field of view (FOV)=2.56×2.56cm, number of averages (NEX)=16, and slice thickness=1mm. Estimated infarct volume was calculated as 1mm slice thickness × infarct area.

Tissue culture {#S18}
--------------

Brain microglia were isolated from 1--2d--old mice. The cortex was dissected, minced, and dissociated for 15min using 0.125% trypsin (Invitrogen). The cells were seeded into flasks with MEM containing 10% FBS and 100mM gentamicin. The mixed cultures were allowed to grow for 14d and then placed on a shaker for 4h at 200rpm in a standard tissue culture incubator. The supernatant containing detached microglia was centrifuged, the cell pellet re--suspended for counting, and then plated at 10^5^ cells/well in 24--well plates, yielding microglia purity \>95% verified by immunostaining with the microglial marker Iba--1. Human microglial cells (Clone Express) were isolated from fetal brain tissue and cultured for 3d at 10^5^ cells/well in 6--well plate before recordings.

Neurons from E18 mouse cortex were dissociated and plated in neurobasal medium supplemented with B27, 0.5mM glutamine, and 12.5mM glutamate in 6--well plates at 10^6^ cells/well. Neurons were switched to maintenance medium (neurobasal medium+B27, 0.5mM glutamine) until ready for experiments at 14--18d *in vitro* (DIV). Under these conditions, \>90% of the cells bore the neuronal marker, NeuN; \<5% of the cells expressed the astrocytic marker, GFAP. Neuron--microglia co--cultures: microglia (10^5^ cells/well, DIV 14) were added to cultured cortical neurons (10^6^ cells/well, DIV 10) in 6--well plates.

Intracellular pH (pH~i~) measurements {#S19}
-------------------------------------

Cultured microglia grown on coverslips were loaded with 2.5µM BCECF/AM for 15min at room temperature. The coverslips were perfused with HCO~3~^−^--free HEPES--buffered solution containing (in mM): 140 NaCl, 5 KCl, 1 MgCl~2~, 2 CaCl~2~, 20 HEPES; pH 7.3. Cells were alternatively illuminated with 440 and 490nm light (Lambda DG--4; Sutter Instruments) for 20--100ms. Images were acquired via a 535±35--nm emission filter on a CCD camera (Orca--ER; Hamamatsu Photonics), and analyzed with Slidebook (Intelligent Imaging Innovations). After background subtraction, the ratio of the 440-- and 490nm light excited images was calculated and converted to intracellular pH using the high K^+^/nigericin technique^[@R50]^. Cells were acid loaded with 20 mM NH~4~^+^ -containing solution (5min). For Na^+^--free solution, NaCl was replaced with NMDG--Cl. For Na^+^--free, high K^+^ solution, NaCl was replaced with KCl. For calibration, 10µM nigericin was added to solutions containing (in mM):150 KCl, 1 MgCl~2~, 0.2 EGTA, and 20 HEPES, pH 7.0--8.0, or 20 MES, pH 6.0--6.5. pH~i~ recovery rate after NH~4~^+^ treatment was determined from a linear regression fit at pH 6.5.

Immunofluorescence {#S20}
------------------

Mice were anesthetized by i.p. injection of a mixture of ketamine (100mg/kg) and xylazine (20 mg/kg), perfused, and postfixed. Coronal brain sections of 20µm thickness were serially cut through the brain by cryostat. To identify neuronal apoptosis, brain sections were sequentially incubated with rabbit antibody against caspase-3 (1:100, BD Bioscience) and mouse monoclonal antibody directed against NeuN (1:200, Chemicon), and then Rhodamine-conjugated goat anti-rabbit (1:200, Chemicon) and FITC-conjugated goat anti-mouse antibodies. TUNEL (terminal deoxynucleotidyl transferase-mediated uridine 5\'-triphosphate-biotin nick end labeling) staining was employed using an *in situ* apoptosis detection kit according to the manufacturer's instructions (Chemicon).

Quantitative real--time PCR {#S21}
---------------------------

Total RNA was isolated from the mouse brain, spleen, primary microglia or neuronal cells. Real--time PCR was performed using SYBR Green in an iCycler (Bio--Rad). The following primers were used for detecting Hv1 mRNA levels: *Hvcn1 F1*, TGCAAAGGAGTGCTGCAAACTA, *Hvcn1 R1*, TCGAGTAGACGCTCCGCAAT. Primers of NOX1, NOX2, NOX3, NOX4 and 18s rRNA were obtained from Qiagen as RT^2^ qPCR primer assays. 18s rRNA was the internal control RNA, data expressed as Ct (cycle threshold), and raw fold--changes normalized to Hv1 mRNA expression in spleen.

Western blotting {#S22}
----------------

Proteins were isolated from the mouse brain, spleen, primary microglia, and neurons. Proteins were separated electrophoretically on 12% polyacrylamide gels and blotted onto PVDF membranes (nonspecific binding blocked by 1h incubation in PBS containing 0.05% Tween 20, and 5% nonfat milk). Affinity--purified polyclonal rabbit antibodies were raised against the keyhole limpet haemocyanin (KLH)--conjugated Hv1 peptide CSEKEQEIERLNKL^[@R9]^ (α1--Hv1) or obtained from Yuriy Kirichok^[@R16]^(α2--Hv1). Blots were probed with anti--Hv1 antibodies or mouse anti--mouse β--actin antibody (Cell Signaling). After washing and incubation with secondary horseradish peroxidase--conjugated antibodies (Abcam), membranes were developed (ECL SuperSignal West Pico kit; Pierce). Antibodies: NF--κB subunit P65 and phosphorylated P65 (at Ser 536) from Cell Signaling; NOX2 from Abcam. Densitometry determined protein content; analysis adjusted for equal loading using β--actin.

OGD in culture or brain slices {#S23}
------------------------------

For oxygen glucose deprivation, cells were rinsed twice and incubated in glucose-free MEM medium. Cultured cells were then introduced into an anaerobic chamber containing a mixture of 95% N~2~ and 5% CO~2~ at 37°C for 30min. For brain slice OGD, cells were perfused with glucose-free ACSF bubbled with 95% N~2~ and 5% CO~2~ for ≥ 30min. Switching to normal culture medium or ACSF terminated OGD.

Other cellular assays {#S24}
---------------------

To compare migration of *wt* and *Hv1^−/−^* microglia cells, 100ng/ml MCP--1 or TNF--α was used as a chemoattractant and added to the conditioned media. A 12--well cell migration assay was used following the manufacturer\'s instructions (Millipore). Cell mortality in culture after OGD was assessed with the LIVE/DEAD Viability/Cytotoxicity kit (L--3224; Invitrogen). LDH released into the culture medium was measured with the Cytotox 96 nonradioactive cytotoxicity assay kit (Promega). ELISA kits from R&D Systems were used to measure IL--1β, IL--6, TNF--α, IFN--g, or VEGF levels. Absorbance at 450nm was determined in a microplate reader. Glutamate concentration was determined with the Glutamate Assay Kit colorimetric method (Abcam). Griess reagent (R&D Laboratories) was used for NO release detection.

Learning and memory test {#S25}
------------------------

Y-maze spontaneous alternation tests were carried out in a white Plexiglas Y-shaped maze (i.e. 3 equidistant arms). All sessions were videotaped and analyzed with LocoScan Software (Clever Sys). At the beginning of the session, mice were placed into the center of the Y-maze and allowed to explore freely for 6 min. Each subject received a single session. The computer-assisted video-tracking system automatically recorded the distance traveled and sequence of arm entries during testing.

PET and CT imaging {#S26}
------------------

Mice were fasted overnight to minimize muscular uptake of ^18^F-FDG. Between 4.1 and 10.8 MBq (112--292 µCi) were administered by tail vein injection. The mice were then anesthetized with a 2--4% isoflurane/oxygen mixture just prior to imaging. PET images were acquired for 15 min using a Siemens Focus 120 MicroPET. CT was then performed for anatomical correlation using a Siemens MicroCAT II scanner (80 kV with 500 µA and 0.5 s for each of 361 projections over 360°). Regions of interest (ROIs) were centrally placed in each hemisphere and median and mean pixel values within the ROI reported in units of % of injected dose per gram (%ID/g) by dividing the PET values (in Bq/ml) by the injected dose (in Bq). MCAO was induced on the right side so that the ^18^F-FDG uptake left/right hemisphere (L/R) ratio enabled each animal to serve as its own control.

Flow cytometry analysis {#S27}
-----------------------

Orbital blood was collected from recipient mice. Red blood cells were lysed by incubation with ACK buffer (Invitrogen) at room temperature for 5 min. Cells were incubated with CD45.1-PE, CD45.2 and Gr-1-FITC antibodies for 45 min on ice. All data were collected on a BD FACSCanto II flow cytometer, and data analysis performed using FlowJo software.

Statistics {#S28}
----------

Data are expressed as mean ± standard error of the mean (s.e.m.). Statistical comparisons were performed with the Student's t--test. In all cases, P \< 0.05 was considered statistically significant. \* indicates P\<0.05; \*\*indicates P\<0.01.
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![Voltage--gated proton currents in hippocampal microglia in mouse brain slices\
(a) Hv1 protein was detected by Western blot (α1--Hv1) in the spleen, but not in whole brain lysates (also see [Suppl. Fig. 14a](#SD1){ref-type="supplementary-material"}).\
(b) Hv1 protein was detected by Western blot (α1--Hv1) in cultured microglia but not in cultured neurons (also see [Suppl. Fig. 14b](#SD1){ref-type="supplementary-material"}).\
(c) A GFP--expressing microglia (shown in white box) in mouse hippocampus labeled with Alexa Fluor 594 prior to whole--cell recording. Dashed line delineates the CA1 region of the hippocampus.\
(d) Outward currents induced by voltage steps in hippocampal microglia. Inset: Stimulation protocol and intra-- and extracellular pH (pH~i~ and pH~o~). Increased intracellular pH decreased the outward current and shifted the activation threshold to more depolarized potentials.\
(e) Pooled data of current--voltage relationships at pH~i~ 5.5, 6.5 and 7.5; pH~o~=7.2. Current amplitude was measured at the end of the 500ms depolarization pulse (n=8--10).\
(f) Reversal potentials were determined by tail current recordings. The tail current was recorded at various potentials from --100mV to +20mV after activation of the outward current by a voltage step to +60mV for 1 s (n=7).\
(g) Plot of the current reversal potential at different pH~o~/pH~i~ gradients. Data were fitted by a continuous line with a slope of --38mV/ΔpH. The Nernst potential for a proton--selective membrane has a slope of --58mV/ΔpH (red line). Differences from the predicted Nernst relation are due to proton depletion^[@R7]^.\
Data are mean ± s.e.m.](nihms354343f1){#F1}

![Hv1 mediates the voltage--gated proton current in mouse brain microglia but not in neurons or astrocytes\
(a) Inhibition of outward current by 100µM Zn^2^; from microglia (pH~o~7.2/pH~i~5.5) in a hippocampal brain slice. No outward current was observed in *Hv1^−/−^* microglia.\
(b) Voltage--gated proton current amplitudes in control solution or with100µM Zn^2+^. Zn^2+^ shifts the Hv1 activation threshold. *Inset:* concentration--dependent inhibition by Zn^2+^ at +60mV (n=6).\
(c) Absence of proton current in *Hv1^−/−^* hippocampal microglia. *Inset:* currents at +80mV (n=8 *wt*, *6 Hv1^−/−^*).\
(d) Increasing pH~o~ increases voltage--gated proton current in human microglia (n=9--11). *Inset*: microglia, scale bar, 50µm.\
(e) Hv1 protein in human microglia (2). *Wt* (1) and *Hv1^−/−^* (3) mouse spleens were used as control. α1--Hv1 antibody was used (also see [Suppl. Fig. 14c](#SD1){ref-type="supplementary-material"}).\
(f) 100µM Zn^2+^ inhibits proton current in human microglia.\
(g) Pooled results show the Zn^2+^ inhibition of voltage--current relationship of proton current in human microglia (n=8).\
(h) Whole--cell currents (primarily Kv) in hippocampal CA1 neurons (pH~o~7.2/pH~i~5.5; *wt* and *Hv1^−/−^* neurons) and pH~o~7.2/pH~i~7.2 (*wt* neurons).\
(i) Outward K^+^ current amplitudes in *wt* and *Hv1^−/−^* hippocampal neurons are not different. Currents were not substantially altered by varying pH~i~ (n=6--7 for each group). *Inset:* CA1 neuron labeled with Alexa Fluor 594 during recording. Scale bar, 80µm.\
(j) No proton current was recorded in astrocytes from P3 mice (n=7). *Inset:* GFP--positive astrocyte labeled with Alexa Fluor 594 during recording. Scale bar, 80µm.\
Data are mean ± s.e.m.](nihms354343f2){#F2}

![Hv1 regulates microglial acid extrusion and controls NADPH oxidase--dependent ROS production in situ\
(a) Intracellular pH (pH~i~) change of *wt* (n=29) or *Hv1^−/−^* microglia (n=23) in response to NH~4~^+^--induced acid load, and pH~i~ recovery in control high Na^+^ solution, Na^+^--free solution, and Na^+^--free, high-K^+^ solution. High K^+^--induced pH~i~ recovery in *wt* microglia inhibited by Zn^2+^ (n=16).\
(b) pH~i~ recovery rate (first min) after NH~4~^+^--induced acid load.\
(c) PMA--induced ROS production in microglia (arrows) from *Cx3cr1*^GFP/+^ and *Cx3cr1*^GFP/+^-- *Hv1^−/−^* mice. ROS converts DHE to fluorescent ethidium (ET, red) bar = 20 microns.\
(d) Increased ROS in *wt* (*left*, n=11 controls; 13 PMA--treated) and *Hv1^−/−^* (*right*, n=7 controls and 8 PMA--treated) microglia. 30µM DPI reduced ROS increase in *wt* (brain slices; n=6).\
(e) DPI, apocynin (Apo) or Zn^2+^ reduced ET fluorescence in PMA--stimulated *wt* microglia. PMA--induced ROS was in *Hv1^−/−^* was half that of PMA--stimulated *wt* microglia.\
(f) pH~i~ in response to PMA treatment in *wt* (n=30) and *Hv1^−/−^* microglia (n=48). Na^+^--free solution blocked Na^+^--dependent acid extrusion. PMA--induced intracellular acidification was inhibited by DPI (n=25).\
(g) ATP--induced terminal chemotaxis was comparable between *wt* (upper) and *Hv1^−/−^* (lower) mice (n=3). Alexa Fluor 594 in pipette (red).\
(h) Migration in response to 100ng/ml MCP--1 or 100ng/ml TNFα in microglia from *wt* or *Hv1^−/−^* mice (n=3). Microglia migrating to the lower well (containing MCP--1 or TNFα) normalized to those migrating without chemoattractant.\
Data are mean ± s.e.m.](nihms354343f3){#F3}

![*Hv1^−/−^* mice are protected in ischemic stroke\
(a) TTC staining of coronal brain sections of *wt* and *Hv1^−/−^* mice 24h after pMCAO under isoflurane.\
(b) Infarct volume was reduced from 72.3±8.4% in *wt* mice (n=7) to 39.4±5.8% of total brain in *Hv1^−/−^* mice (n=7); isoflurane anesthesia. Smaller infarct volumes in *Hv1^−/−^* mice (37±7%, n=11) than that in *wt* mice (62±8%, n=12) after pMCAO; ketamine/xylazine (Ket/Xyl) anesthesia.\
(c) Neurological scores after pMCAO showing less neurological impairment in *Hv1^−/−^* mice (n=11) than *wt* mice (n=12).\
(d) Coronal (upper) and transverse (lower) MRI brain images from *wt* and *Hv1^−/−^* mice 24h after pMCAO.\
(e) Infarct volumes measured based on coronal MRI images. Individual and pooled data; infarct volume in *Hv1^−/−^* mice (124.3±12.3 mm^3^; n=6) was \~60% of that in *wt* mice (74.1±15.5 mm^3^; n=7).\
(f) Experimental procedure: 1d after pMCAO, the mouse brain was sliced, stained by TTC, and microglia within the slice recorded. TTC staining shows peri-infarct area (seen also in DIC, dotted red line, *lower, left*). Whole-cell recording of voltage--gated proton currents from ipsilateral (ipsi.) and contralateral (c--lat.) microglia after pMCAO (pH~o~7.2/pH~i~6.5) (*lower, right*).\
(g) Increase of voltage--gated proton currents in ipsilateral microglia compared to contralateral controls. *Inset:* Microglial cell surface area (cell capacitance; pF), was smaller in ipsilateral (ipsi.) than contralateral (c--lat.) microglia (n=6).\
(h) Hv1 protein (α2--Hv1) increased 24h after pMCAO (also see [Suppl. Fig. 14d](#SD1){ref-type="supplementary-material"}). Spleen was the control (n =3).\
Data are mean ± s.e.m.](nihms354343f4){#F4}

![Hv1--deficient mice are relatively protected against ischemic neuronal death\
(a) NeuN, cleaved caspase--3, and TUNEL immunostaining of peri--infarct cortex from *wt* and *Hv1^−/−^* mice 24 h after pMCAO. Scale bars=120 µm.\
(b) Pooled data showing significant fewer caspase--3 positive neurons and TUNEL positive cells after ischemic stroke in *Hv1^−/−^* mice compared to *wt* mice (n=3).\
(c) Oxygen glucose deprivation (OGD) reduced cell viability as assayed by live/dead cell staining with EthD--1 and calcein--AM. Green=live cells; red=membrane permeant (dead) cells. MG, microglia. Scale bar =120µm.\
(d) Cell mortality was calculated from live/dead assay as shown in (d). Addition of *Hv1^−/−^* microglia to neuronal cultures resulted in less OGD--induced cell death than addition of *wt* microglia (n=3). Cell counts insured equal numbers of microglia added to each culture.\
(e) Cell mortality was calculated based on measurement of lactate dehydrogenase (LDH) release. *Wt* and *Hv1^−/−^* neurons exhibited similar sensitivity to OGD (n=3).\
(f) Microglia--related OGD--induced cell mortality (based on LDH release) was inhibited by DPI, apocynin (Apo), MK801, or by Hv1 shRNA knockdown. *Inset* shows Hv1 protein expression (α1--Hv1) in microglia treated with scrambled or Hv1 shRNA for 3d (also see [Suppl. Fig. 14e](#SD1){ref-type="supplementary-material"}).\
(g) NMDA--induced cell death (upper) or NO release (lower) is comparable between *wt* and *Hv1^−/−^* neurons.\
Data are mean ± s.e.m.](nihms354343f5){#F5}

![Microglial Hv1 is critical for ROS production after stroke\
(a) Production of ROS and release of glutamate, NO, and cytokines (IL--1β, IL--6, TNFα, INF--γ, VEGF) 30min after OGD from cultured *wt* and *Hv1^−/−^* microglia (n=3). Normalized to *wt*.\
(b) Microglia ROS production (ET fluorescence) in brain slices. OGD increased ROS production in *wt* microglia (n=8) significantly more than in *Hv1^−/−^* microglia (n =7).\
(c) Microglial ROS production *in situ* detected by i.p. injection of DHE after tMCAO. Microglia were identified by GFP; nuclei in the peri--infarct cortex identified by DAPI. Scale bar=30 µm.\
(d) Microglial ROS production in *Hv1^−/−^* mice was increased in ipsilateral (ipsi.) compared to contralateral brain (n=13; c--lat. Side, 21; ipsi.) and compared to *wt* mice (n=15; c--lat., 20; ipsi.). Microglial ROS production: ratio of ET intensity from ipsi. and c--lat. brain. DAPI intensity in *wt* and *Hv1^−/−^* mice not significantly different. Results in cortex and striatum are similar.\
(e) Cell body areas of GFP--labeled microglia measured from *wt* and *Hv1^−/−^* mice.\
(f) Phosphorylation of p65 (P--p65) increased more in *wt* mice than in *Hv1^−/−^* mice after MCAO (also see [Suppl. Fig. 14f](#SD1){ref-type="supplementary-material"}). No difference in expression of total p65 between *wt* and *Hv1^−/−^* mice (n=3).\
(g) EUK--207 reduced infarct volume 3d after pMCAO in both *wt* and *Hv1^−/−^* mice (TTC).\
(h) EUK--207 rescue of brain damage is greater in *wt* (n=8) than in *Hv1^−/−^* mice (n=7), while there is no protection by MK801 in *wt* (n=8) and *Hv1^−/−^* mice (n=9).\
Data are mean ± s.e.m.](nihms354343f6){#F6}

![Microglial, but not leukocyte, Hv1 is responsible for brain damage after ischemic stroke\
(a) Transcripts of NOX1, NOX2, NOX3, NOX4, Hv1 and 18s rRNA were examined in *wt* and *Hv1^−/−^* microglia using qRT--PCR. The NOX2 transcript level is similar in *wt* and *Hv1^−/−^* microglia (n=4 each group).\
(b) Western blot showing similar NOX2 expression in *wt* and *Hv1^−/−^* microglia. After MCAO or OGD, NOX2 expression increased significantly (also see [Suppl. Fig. 14g](#SD1){ref-type="supplementary-material"}).\
(c) Infarct volume (TTC staining) in chimeras of *wt\>wt, wt\> Hv1^−/−^, Hv1^−/−^\>wt*, and *Hv1^−/−^\> Hv1^−/−^* mice.\
(d) Pooled data show significantly more brain damage in *Hv1^−/−^\>wt* mice (n=7) than in *wt\>Hv1^−/−^* mice (n=7).\
Data are mean ± s.e.m.](nihms354343f7){#F7}
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